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ABSTRACT ‘

A mutation in the transposon Tn2660 derived from the plasmid R6K,
and resulting in an approximate tenfold increase in penicillin resistance is
shown to be a single GC to AT substitution 177 base pairs 'upstream' of the
initiation codon of the structural B-lactamase (bla) gene. This
substitution leads to the transcription of two new mRNAs which can be
ascribed to the creation of two new overlapping promoter sequences. All the
sequences (450bp) examined in the wild-type Tn2660 are identical to those
- reported in Tn3.

INTRODUCTION

In a previous publication (1) we have reported the isolation of a
mutant, pTYl0l, of the plasmid R6K (2). R6K mediates resistance to strepto-
mycin and to penicillins and, under its earlier name R(TEM)(3), this latter
resistance was shown to arise by the synthesis of a B lactamase (penicillin
amido-p-lactamhydrolase, EC3.5.2.6), designated TEM, and characterized by
isoelectric focussing as a TEM-1 type B lactamase (4). The ampicillin
resistance of R6K was later determined to reside on a transposon which has
extensive homology with Tn3 (5), and this transposon, designated Tn2660, has
been the subject of a number of éenetic studies (1,6-10). The sequence of
the structural gene of B lactamase on Tn3 and 210 base pairs upstream of the
initiating codon are incorporated as part of the structure of the cloning
vector pBR322 (11,12). Several repdtts have récently appeared on the
identification of promoters for B lactamase carried on pBR322 (13,14,15).

PTY101l was derived from R6K by selection for hyperresistance to
ampicillin, resulting in the acquisition of a second copy of Tn2660,
probably by a mechanism of intramolecular transposition. However, in
contrast to most events of this kind which led to an approximate doubling in
the ampicillin resistance level, pTY1l0l was found to have an approximate
ten~fold increase (1). Preliminary experiments (8,10 and unpublished) in
which the two transposons of pTY10l were cloned into separate ColEl
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replicons, showed that one transposon produced the normal resistance leve],
whereas the other, which was designated Tn2661, resulted in a greatly
elevated level.

This publication reports the further analysis of the transposon produc-
ing increased resistance. It is shown by the Berk and Sharp (16) method
that two new messenger RNAs initiated well upstream of the B-lactamase
structural gene are transcribed in strains carrying Tn266l. Base-sequence
determinations of the DNAs from Tn2660 and Tn266l1 in the region of
initiation of these messengers show the sequence of Tn2660 to be identical
to that of Tn3 (11,12), but there is a single base-pair substitution in
Tn2661, which can account for its increased resistance. Other base-sequence
determinations of Tn2660 in the amino-terminal coding region for B lactamase
also show identity with Tn3.

MATERIALS AND METHODS
Bacterial strains and plasmids. The R6K plasmid (2) and its pTY101
mutant (1) have been previously described. pBR322 is a laboratory construct

(17). pA03 is a small (1683bp), fully-sequenced, truncated derivative of
ColEl (18). Both pBR322 and pA03 appear to have similar copy numbers
(17,18). Host strains were the recA derivative, RC655, of the Lac™ E. coli
K12 strain, ED2117 (19), and CGSC5924, a thyA metE deoC polA strain (8).
Genetic techniques, isolation of plasmid DNA and agarose-gel electro-

phoresis have been previously described (1,8,9). Restriction enzymes were
purchased from Bethesda Research Laboratories.
RNA preparations were derived essentially by the method of Dennis and

Nomura (20). This method results in the isolation of the total cellular
RNA. However, due to the specificity of the hybridization step, only
messenger RNA transcribed from the DNA sequence under investigation will
‘hybridize and protect it from degradation by Sl nuclease. Preparations of
total RNA were derived from cultures of the host strains RC655 carrying
either pA03::Tn2660, or pA03::Tn2661, and will thus be referred to as Tn2660
mRNA and Tn2661 mRNA, respectively. As a control, a similar total RNA
preparation was isolated from the same host strain which carried pBR322.
Sl-nuclease mapping of RNA followed the Berk and Sharp (16) method.

The initial DNA probe was the 634bp Hpall fragment, cleaved either from
PA03::Tn2660 or pA03::Tn2661, dephosphorylated by calf-intestine alkaline
phosphatase (21) (Sigma Chemical Co.), and separated on a 5% polyacrylamide
gel. It was then purified by electroelution and column chromatography'on
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;_"f;n,atman DES52, and labelled at the 5'-termini with T4-polynuc1eot‘ide kinase
(Bethesda Research Labs) and [y‘-3ZP]ATP (4500 ci/m mole, ICN) (22,23). A
- gecond DNA probe was derived from the 634bp Hpall fragment by cleavage with
&3_1 to produce four fragments of 13bp, 263bp, 332bp and 26bp (Fig. 2).
pollowing dephosphorylation, the 263bp fragment was isolated, purified as
gescribed above and labelled at the 5' termini by similar procedures (23).
this labelled fragment was then cleaved with HaelII to produce fragments of
14bp, 36bp, 128bp and 85bp, and the terminal 85bp fragment, labelled at the
5' end at coordinate 3844, was similarly separated (see Fig. 2C).

Labelled DNA fragments (approximately 5 to 7ng, 15,000 cpm of the 634bp
fragment, or 3 to 4ng, 4,000 cpm of the 85bp fragment) and total RNA (45 to
150 ug hybridized with the 634bp probe, or 75 to 100 pg hybridized with the
85bp probe) were mixed, precipitated in ethanol and after pelleting and
drying in vacuum, were resuspended in 30 ul hybridization buffer [40 mM
PIPES, lmM EDTA, 400 mM NaCl, 80% (vol/vol) formamide at pH 6.4] and heated
at 72°C for 15 min to denature the DNA, then held at 50°C for 3 hr using the
634bp probe, or at 40°C for 3 hr using the 85bp probe, to permit specific
formation of RNA/DNA hybrids. 87 units of S1 nuclease (P-L Biochemicals) in
0.3 ml of ice-cold buffer (280mM NaCl, 50mM sodium acetate, 4.5mM ZnSO4, PH
4.6) was added and the mixture held at 37°C for 30 min. The nucleic acids
were then reprecipiated with ethanol, suspended in 10 ul gel-loading buffer
(90% formamide, 10mM NaOH, 0.01% bromophenol blue, 0.01% xylene cyanol FF),
and after heating at 100°C for 2 min to denature double-stranded nucleic
acids, were loaded on a 7M urea, 5% (634bp probe) or 8% (85bp probe)
polyacrylamide gel. After electrophoresis, the location of the Sl-nuclease-
resistant, labelled DNA probe was detected by autoradiography.

Base-sequencing of DNA was carried out on Ddel fragments of the 634bp
Hpall fragment and also on the 85bp ﬁe_IrII fragment by the standard method
of Maxam and Gilbert (23). A

RESULTS
Separation of transposons of pTY1l0l and identification of Tn2661

We have previously reported (8) the cleavage of pTY1l0l by Smal and
EcoRI into three fragments, a 14.6kb fragment carrying the R6K replication

genes, a 21.0kb fragment carrying one ampicillin resistance (Ap-r)
transposon and the streptomycin-resistance (Sm-r) gene(s) of R6K, and a
7.9kb fragment carrying the other Ap-r transposon. The 21.0kb fragment was
cloned in a ColEl replicon to produce pSJC116 (8). The 7.9kb fragment was
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also cloned in a ColEl replicon to produce the plasmid pSJCl04 (see Fig. 1),
The ampicillin resistances of pSJC116 and pSJC104 in the recA host RC655,
expressed as LD37 values, were found to be 2.8mg/ml and 0.25mg/m1l,
respectively. We concluded that pSJCll6é carries a mutant transposon with
increased B-lactamase resistance which we designate Tn2661.

Since pSJC1l6é and pA03 are both ColEl replicons, and therefore incom-
patible, in order to achieve transposition of Tn2661 into pA03, it was first
transposed from pSJC116 into pSJC10l [a R6K replicon carrying the kanamycin
resistance (Km-r) region of pML2 (1,24)], by transforming a RC655(pSJC116)
strain with pSCJ101 plasmid DNA, and selecting transformants which were
Ap-r, Sm-r and Km-r (Fig. 1l). The plasmid DNA from one transformant, when
isolated and characterized on an agarose gel, was found to comprise two DNA
molecules the sizes of pSJCl1l6 and pSJC10l. The plasmid DNA from a culture
of this RC655(pSJC116,pSJC1l01l) transformant was then used to transform

Ligate,select Ap-r,
Iced transformonts
in RC655

DNA cleaved
Smal8 EcoR]
0/6.3

s. 12

26.54

\ Km

Transposition |
(Tnoeen 2\ "SJC'Z

197

O~

Transposition
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14,00/665 ¢
Transposition 6
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pA03:Tn 2660

pAO03:Tn 266/

Figure 1: Derivation of derivative plasmids of pA03 carrying the wild-
type transposon Tn2660 and the mutant transposon Tn2661.

Double-line circles represent plasmid DNA, with the transposons shown
shaded and arrowheads at the IR(R) terminus (12). R6K sequences are
otherwise non-shaded, and the ColEl, pML2 and pA03 sequences are shown
stippled. Figures are coordinates _.in kilobase (kb) pairs numbered
clockwise. Intercepts (]), (}), (3), (}), and (7) show recognition
sites for the restriction endonucleases EcoRI, BamHI, Smal, HindIII and Kpnl
respectively. Sm, Km, Ap represent resistance to streptomycin, kanamycin
and ampicillin respectively, Icel represents immunity to colicin El, and the
XX{ ~symbol represents replication origins of R6K or ColEl (18,32,33).
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competent CGSC5924 (pold) cells, in which pSJC116, a ColEl replicon, cannot
grow (25), selecting for Km-r, Ap-r transformant clones. One Km-r, Ap-r
transformant was selected, and the plasmid DNA was isolated and shown by
Ea_u_lﬂl cleavage and agarose-gel electrophoresis to be a single molecular
species of 27kb, consistent with the transposition of Tn2661 into pSJC10l1
(Fig. 1). This was confirmed by further cleavage with EcoRI and BamHI and
analysis of fragments on agarose gels, and the plasmid construct was
designated pSJC128.

pgivation of small, sequenced plasmids carrying Tn2660 and Tn2661

Assuming that the muation -in Tn266l resulted from a change in
transcription, we chose to compare the sites of promoters initiating
transcription in Tn2660 and Tn2661. From the published data of Sutcliffe on
pBR322 (11) and of Heffron et al. on Tn3 (12), it may be inferred that the
segment of non-translated DNA on Tn3 immediately upstream from the
initiation codon for the B-lactamase enzyme can be readily isolated on a
fragment following cleavage by Hpall, since this is the largest Hpall
cleavage fragment of Tn3, Since Tn2660 is known to resemble Tn3 in overall
homology (5), transposition (8) and limited base-sequence determinations
(10), and preliminary experiments have indicated similar restriction-enzyme
cleavage sites on Tn3 and Tn2660, it was assumed that a corresponding Hpall
fragment of Tn2660 would also carry a similar non-translated region. 1In
order to be able to predict the sizes of all Hpall-cleavage fragments from a
plasmid carrying Tn2660 or Tn266l, so that a unique Hpall-cleavage fragment
with the amino-terminal coding region of the bla gene could be isolated, we
transferred these transposons to a small, sequenced plasmid, pA03 (18).

Final transposition of Tn2661 into pA03 was achieved in two steps.
Firstly, a strain carrying the.two plasmids pSJC128 and pA03 was
constructed, by using pSJC128 DNA to transform an E. coli recA host strain
(RC655) into which pAO3 had previously been transformed, and selecting for
Ap-r and Km-r (carried on pSJC128), and immunity to colicin El(Icel), a
property of pA03. DNA was then isolated from this biplasmid host and added
to competent RC655 host cells, selecting transformants for Ap-r and Icel,
and then screening by replica plating for Km-s transformants (since Ap-r,
Icel, Km-s transformants have the phenotype expected of a pA03 plasmid into
~ which Tn2661 had transposed: Fig. l). This was confirmed by the isolation
of plasmid DNA from a number of transformants and determining their size to
be 6.7kb, the sum of the sizes of pA03 (1.7kb) and Tn2660 (5kb). This was
achieved by linearizing the plasmid DNAs by cleavage with'Ba_mHI, and
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comparing their mobilities on an agarose gel against fragments of known sjze
derived by EcoRI cleavage of DNA. One such transformant harboring 4
plasmid of 6.7kb ‘was selected and the plasmid was designated pAO3::Tn26$.
Similarly, pA03::Tn2660 was isolated by a similar procedure using a host
strain carrying R6K as a source of Tn2660 (Fig. 1).

Both pA03::Tn2661 and pA03::Tn2660 were characterized by cleavage with
EcoRI and BamHI, or Hpall. The sizes of HpdlIl fragments that may be
inferred from the base sequence of Tn3 (12) (and hence from Tn2660) should
be 634bp, 408bp, 304bp (IRR terminus), tbgether with 33 smaller fragments
(including the IRL terminal fragment of 199bp). Those of pA03 are 768bp,
205bp and 7 smaller fragments (18). Following agarose-gel analysis of the
HpalI-cleavage fragments from the DNA of pA03::Tn2660 or pA03::Tn2661, it
was clear that in both cases, the fragment sizes, at least those of the
larger fragments, conformed to those expected, and were consistent with
transposition into the major 768bp Hpall fragment of pA03. Base-sequence
analysis of Ddel-cleavage fragments of the junction regions showed Tn2660 is
inserted with a duplication of the 1102 to 1106 pA03 sequence, and Tn2661 is
inserted with duplication of the 1578 to 1582 sequence of pA03. The
ampicillin resistances conferred on the same RC655 host strain by
PA03::Tn2660, pA03::Tn2661 or pBR322 were measured as LD37 values of 0.2,
2.2 and 1.2 mg/ml respectively; confirming the preVious measurements on
pSJC104 and pSJCll6. The relative copy numbers of pA03, pA03::Tn2660,
PA03::Tn2661 and pBR322 measured by assay of plasmid DNA by agarose-gel
electrophoresis (26) showed no major differences.

Fig. 2A shows the structure of pA03::Tn2660. The Hpall junction
fragments were identified as 48lbp and 795bp, whereas in pA03::Tn2661, they
are 319bp and 957bp. In both cases, the ;634bp fragment can be réadily
identified as a well-separated, second-largest fragment. This fragment was
- isolated from pA03::Tn2661 and pA03::Tn2660 and, after 32p end-labelling,
these fragments were used as DNA probes in protection studies by messenger-
RNA. The 634bp fragments from pA03::TnM and pA03::Tn2661 were further
cleaved and labelled to produce the 85bp probe (Fig. 3c), labelled only at
the 3844 terminus in the 5' end.

MRNA protection of DNA probes (Berk & Sharp) :

The 32p_1abelled DNA probes were denatured, mixed and hybridized at
50°C (634bp probe) or 40°C (85bp probe) with RNA preparations derived from
strains carrying either pA03::Tn2660, pA03::Tn2661 or pBR322, including RNA
from pA03::Tn2661 in two different amounts. The DNA/RNA hybrid preparations

7724



Nucleic Acids Research

3210 37'67 4203 4957

6136 6645/0

rnpA

EcoR1
3740

3582 R pBR322 """"""""""""""
) 3569 /\='/37u | 3767 3810 3845 3950 14203
(8 “HpaIl “Hhal Ddel. Ddel llihoI ‘ Hhol~ Hpall
............ -
1 ——————
I I -
] I

3596 3632 ' 3760

C
(C) Haelll “Hoelll Haelll

Figure 2: (A) The double line represents the DNA of plasmid pA03::Tn2660
shown as a linear molecule cleaved at the EcoRI site of pA03 (18). The open
and shaded segments are Tn2660 DNA and the cross-hatched segments are pA03
DNA. The numbers above the line represent base-pair coordinates derived
from the base sequences of Tn3 (12) and pA03 (18), with the junction between
the inverse repeat (left) IR(L) terminus of Tn2660 and pA03 designated as
the zero coordinate. (The numbers of Tn2660 DNA NA thus correspond to those
designated on Tn3.) tnpA, tnpR, and bla represent the transposase,
resolvase/repressor and B-lactamase genes of 1 Tn3 and Tn2660, and the arrows
show the regions and directions of transcription of these genes. ini, ori
and imm represent the repllcatlon, initiation and origin regions of pA03 and
the colicin El immunity region respectively.

A similar flgure can be drawn for pA03::Tn2661 with the difference that -
the EcoRI site is located at coordinate 6612 referred to the junction point
of transposition of the IR(L) terminus of Tn2661 into pAO3 as 0/6645.

(B) The unique 634bp Hpall fragment of pA PA03::Tn2660 or pA03::Tn2661.
The broken line with the arrow and pBR322 represents the segment of Tn3 that
is incorporated in pBR322 (11). The sites of cleavage by Ddel are shown at
coordinates 3711 and 3810, and by Hhal at coordinates 3582, 3845 and 4177,
and the horizontal lines with arrows below indicate the regions for which we
determined the DNA sequence; unbroken lines show Tn2660 sequences and broken
lines Tn2661 sequences.

(C) The 263bp 5'-labelled-Hhal fragment, which was isolated and -
recleaved with Haelll at coordinates 3596, 3632 and 3760. The 85bp fragment
(coordinates 3760 to 3845), labelled at the 5' end of its 3844 terminus was
used as a second probe, and was also sequenced as indicated.

were treated with S1 nuclease to digest the non-hybridized nucleic acid
segments and, following denaturation, the single-strand truncated DNAs were
run on 7M urea polyacrylamide gelsv and their sizes determined by
autoradiography. As controls, the DNA probes were run following, (a) the
initial denaturation step, (b) denaturation and Sl-nuclease digestions
without hybridization with mRNA, and (c) denaturation and Sl-nuclease
digestion after incubation under hybridization conditions without mRNA.
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1 2 3456 789" Figure 3: Initiation sites for bla mRNa
: Jetermined by protection of 32P-Iabeleq
- v S G -~ 634bp fragment of pA03::Tn2660 following

hybridization with mRNAs fram pAO3: :Tn2660,
PA03::Tn2661 or pBR322 and Sl-nuclease
treatment. A 7M urea 5% polyacrylamide gel
in TBE buffer was run under constant power
(40W) for 2 hr. Following electrophoresis,
the gel was exposed to Kodak XAR-2 film at
-20° overnight.

Lanes 2 and 7 contain pBR322 DNA cleaved
with Hpall, and labelled with T4 poly-
nucleotide kinase and [y-32P]ATP as a

e size standard (sizes of fragments in
nucleotides are shown at side). Other
‘ - lanes contained the DNA probe hybridized

with mRNA and treated by Berk and Sharp

- method (16) as follows:

Lane RNA
# DNA (cpm) Source Amount  (1g)
- b —309 1 15,000 PBR322 75
3 15,000 ! none 0
4 15,000 2  none 0
5 5,000 3 none 0
- - <242 6 15,000 DAO3: :Tn2660 150
238 8 15,000 PA03::Tn2661 90

- - — 217 9 15,000 pAO3: Tn2661 45

L s - 201

z - = ‘Igg ldenatured probe, Sl digestion following

” e incubation without mRNA.

@ - — |60  2denatured probe, Sl d1gest10n without

- ¥ hybridization

® - 47

3denatured probe

The results of hybridization of the 634bp DNA prbbe from pA03::Tn2660
with mRNAs from Tn2661, Tn2660 and pBR322 are shown in Fig. 3. It may be
seen that hybridization with mRNA from Tn2_66_0_ results in a band of
approximately 285 nucleotides (with faint bands of approximately 395 and 420
nucleotides). Hybridization with mRNA from Tn2661 produced an intense band
of 420 and a strong band of 395 nucleotides and there was a proportionate
decrease in the intensity of both bands when only half the amount of RNA was
used. In other experiments (not shown) in which greater amounts of RNA from
Tn2661 were hybridized, a faint band of approximately 285 nucleotides was
seen. Results using the DNA probe from pA03::Tn2661 with mRNAs from Tn2660,
Tn2661 and pBR322 (data not shown) gave essentially similar autoradiographic
data in all respects.
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It may thus be concluded that there are two new, or greatly amplified
pmRNA transcripts from Tn266l, a major transcript hybridizing with approxi-
mately 420 nucleotides of either 634bp DNA probe, and a minor transcript

hybridizating with about 395 nucleotides of either 634bp probe. In
contrast, the predominant mRNA from Tn2660 protected a region of both DNA
probes to a total of approximately 285 nucleotides. The 285 nucleotides
protected in Tn2660 is equivalent to the distance from the Hpall terminus at
coordinate 4203 to the 3918 coordinate. This corresponds closely to the
site of initiation of B-lactamase mRNA transcription in the segment of the
Tn3 transposon carried on pBR322 as identified by Russell and Bennett (13)
at coordinate 3915, and confirmed by Brosius et al. (14), and which is
consistent with the approximate bosition of the promoter on pBR322
designated as P3 by Stuber and Bujard (27). In the experiments using
protection by Tn2661 mRNA, if we assume that transcription is from the
B -lactamase coding strand, then the major band corresponds to initiation at
approximately 3783bp, and the minor band to initiation at approximately
3808bp.

The intensities of the autoradiographic bands on Fig. 3 were measured
by a Joyce-Loebl microdensitometer. The results showed that the relative
intensities of the traces per unit weight of total RNA in the hybridization
reactions were 0.15 (420 nucleotides), 0.2 (395 nucleotides) and 0.7 (285
nucleotides) for‘Tn_2_6_6_0.; 6.8 (420), and 1.7 (395) for Tn2661 (90ug), 7.3
(420) and 1.7 (395) for Tn2661 (45ug), and 5.0 (460 nucleotides) for pBR322.
The equivalence of band intensity per unit weight of RNA from experiments
using either 45ug or 901y of RNA from Tn2660 indicated that the amount of
DNA used (5ng) was in excess and this was confirmed by essentially similar
data using 7ng of the DNA probe from pA03::Tn2661.

The sum of the relative intensities of the bands from Tn2661 is 8.7-
fold those from Tn2660, and that from pBR322 is 5-fold those in Tn2660.
These values compare with the relative ampicillin resistances (LD37s)of host
strains carrying these elements, since Tn2661 was found to produce an 1ll-
fold and pBR322 a 6-fold greater resistance than Tn2660.

The results of hybridization of the 85bp probe from pA03::Tn2660 with
mRNAs from Tn2661 and Tn2660 are shown in Fig. 4. As expected, these data
show no protected bands and thus no initiation in the 85bp HaeIll fragment
of mRNA from Tn2660, but in the case of mRNA from Tn2661, four major bands
and four minor bands can be seen. From the base-sequence reactions of
Tn2660 and Tn2661 DNA run on the same gel, the position of the four major
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Figure 4: Base sequences and initiation sites for transcription on the 85bp
Haelll fragments from Tn2660 or Tn2661

A 7M urea 8% polyacrylamide gel in TBE buffer was run under constant
power (50W) for 2 hr., Following electrophoresis, the gel was exposed to
Kodak XAR-2 film at -70°C for 5 days. Lanes 1 and 2 were loaded with the
85bp DNA fragment from Tn2661 following hybridization with mRNA, either from
PA03::Tn2660 (lane 1) or "pA03::Tn2661 (lane 2) and subsequent Sl-nuclease
treatment. DNA sequencmg reactions of Tn2661 DNA are shown in lanes 4 to
7, and of Tn2660 DNA in lanes 8 to 11. Lane.3 is a control denatured probe
from Tn266l. " In both hybridization expenments, 4000 cpm of DNA probe was
used.

bands can be fixed at coordinates 3777 to 3780, and the minor bands at
coordinates 3797 to 3800.
DNA base. sequencing

Since the mRNA protection experiments indicated new or greatly enhanced
initiation sites for mRNA transcription in Tn2661 approximately 145 to 170
nucleotides upstream of the initiation codon for the B-lactamase gene, we
wished to determine whether a base-sequence change(s), consistent with the
establishment of new promoter recognition sites had occurred in Tn266l. The
Hpall fragment of Tn2661 and that of Tn2660 was isolated as described and
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then subjected to cleavage by Ddel, resulting in three fragments of 142bp
(3569 to 3711), 99bp (3711 to 3810) and 393bp (3810 to 4203). Segments of
the coding and non-coding strands of each of these fragments were sequenced
py the Maxam and Gilbert technique in the regions shown in Fig. 2.

The 85bp Haelll nucleotide sequence of Tn2660 and Tn2661 was also
determined and the results are also shown in Fig. 4. A comparison of these
sequences and other determined sequences of the 634bp Hpall fragment show
that between the 3585 and 4023 coordinates, the base sequence of Tn2660
corresponds to that published for Tn3 (12). In the case of Tn2661, this
sequence was identical, except that at coordinate 3773, T was substituted
for C on the non-coding strand, and A was substituted for G on the coding
strand (see Figs. 4 and 5). '

DISCUSSION
RNA-polymerase recognition sequences on Tn2660 and Tn2661

As might be expected from the close homology of Tn3 and Tn2660, their
similarity in transposition function (1,8,9) and the homology of their base

sequences in the terminal regions (10), it is not surprising that the base
sequence in the non-translated region between tnpR and bla (and indeed over
the whole region studied) should correspond in Tn2660 to that determined for
Tn3 (see Fig. 5). |

Tn2661 has the same sequence, but has a TA pair substituted for a CG
pair at coordinate 3773, which is concluded to result in the initiation of
two new messengers in high amounts from the approximate coordinates 3777 to
3780 and 3797 to 3800. Other authors (e.g. 14) have also shown that the
sizes of probes protected by RNA transcripts from Sl-nuclease digestion vary
over three or four nucleotides. . These same authors have also shown by in-
vitro labelling that the transcript can be localized to one of these
nucleotides, indicating that S1 digestion does not terminate precisely at
the double-stranded region.

The base sequence of Tn2660 from coordinate-3768 to 3773 is TACGOC, and
in Tn2661 it has mutated to TACGCT, the latter sequence now corresponding in
three of its sites to the three most conserved bases of the canonical
Pribnow box, TATAAT (28). Eighteen bases upstream from the first T of this
box is the sequence TTGAA, which corresponds in the first four of its bases
to the canonical "-35 sequence", TTGAC (29,30). A comparison of the -35 and
-10 boxes for this proposed new promoter (Pa) of Tn2661, which is consistent
with initiation of the major new RNA species at the approximéte 3777 to 3780

3229



Nucleic Acids Research

Ddel
]

1
3661 . . . . .
TGCTGACGCTTCATCAGAAGGGCACTGGTGCAACGGAAATTGCTCATCAG&&CAGTATTG
£ ACGACTGCGAAGTAGTCTTCCCGTGACCACGTTGCCTTTAACGAGTAGTCGAGTCATAAC
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ACACGCGCCTTGGGGATAAACAAATAAAAAGATTTATGTAAGTTTATACATAGGCGAGTA

t (P3)
3901 . . . . . .
GAGACAATIAACCCTGATAAATGCTTCAATAATATTGAAAAAGGAAGAGTATGAGTATTCA
CTCTGTTATTGGGACTATTTACGAAGTTATTATAACTTTTTCCTTCTCATACTCATAAGT

-35 1 18 » -10
b bl
(C) tc'f'f‘é'&cat--t. .. . .t-tgfTAtAaT
(P3) CA.TTCAA!AT--G. . . . .C-TGHGACAAT
(P1) GACTGCG‘I‘T-—C. . . . .T-TG-TAAACT
(Pa) TCTTGAA'GA-—A. . . . .C-TGHTACGUT
(Pb) TCGTGA'BAC--@ . . . .T-GGHTAATGT

Figure 5: (A) Part of the base sequence of Tn2660 determined from
coordinates 3661 to 3960. [The coordinate numbers and base sequence
corresponds precisely to those determined for Tn3. Cleavage sites for Ddel,
HaeIII and Hhal are shown by broken vertical lines and the sequence from
coordinate 3740 is carried on pBR322. The arrows shown under sequences 3661
to 3767 and 3950 to 3960 indicate parts of the translated regions of Tn3 for
tnpR and bla genes respectively (11,12).] The base sequence of Tn2661 was
found to be identical except that at coordinate 3773, the CG pair was
substituted by a TA pair. The boxed sequence, GACAAT (3903 to 3908)
represents the 'Pribnow box' for the wild-type B-lactamase promoter of
Tn2660, and the broken-boxed sequence, TTCAA (3880 to 3884) the -35 region
for this same promoter, P3 (27), initiating transcription at coordinate 3915
(These sequences and coordinates are identical to those previously specified
(13,14).) The boxed-sequence, TACGCT (3768 to 3773) and the broken-boxed
sequence TTGAA (3745 to 3749) are identified as a new or greatly enhanced
promoter (Pa) on Tn2661 giving rise to an approximate tenfold increased
level of transcription compared to P3, initiating at the approximate
coordinates 3777 to 3780. The boxed-sequence, TAATGT (3787 to 3792) and the
broken-boxed sequence, GIGAT (3764 to 3768) are identified as a second new
or enhanced promoter (Pb) on Tn2661 giving rise to an approximate twofold
increased level of transcription compared to P3 and initiated from the
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approxxmate coordinates 3797 to 3800. The unbroken vertical arrows indicate
the approximate coordinates at which B-lactamase mRNA was initiated in
2660 (3915), and Tn2661 (3777 to 3780 and 3797 to 3800).

(B) The promoter regions of Tn2660 and Tn2661 compared with the Pl
g-lactamase promoter for pBR322 (14) and and the 'canonical' promoter sequences
(30). (In all cases the -35 sequence has been chosen so that there are 18
pase pairs between the -35 and -10 boxed sequences.) Pa, Pb represent the
high-level and medium-level transcription promoters in Tn2661, P3, the
natural promoter sequence of Tn3 (also present in Tn2660, Tn2661 and
pBR322), Pl, the second g-lactamase promoter in pBR322 (14) and C, the
canonical promoter sequence (30) in which the more conserved nucleotides are
designated by capital letters and the less conserved nucleotides are shown
in lower case. The nucleotide circled is that arising by mutation to
produce Tn2661 from Tn2660.

coordinates, and similar sequences which act as a weak promoter in Tn2660 is
shown in Fig. 5. T

The minor transcripts from 3797 to 3800 are less easy to explain. The
most appropriate rationale would be to conclude that the -35 consensus
region is more complex and extends over 10 bases of a 12 base sequence as
shown in Fig. 5 (30). The weaker promoter Pb, resulting in transcription
from 3797 to 3800 would then be concluded to have arisen by a mutation of C
to T in the proximal base of this -35 region, to result in a seven-base fit
with the canonical sequence (4 minor, 3 major) and a 5 base fit (2 minor, 3
major) with the 9 canonical bases constituting a -10 (modified) Pribnow
region (30). A comparison of the -35 and -10 sequences of this new promoter
in Tn2661 and the corresponding sequences in Tn2660 is shown in Fig. 5.

The -10 sequence of Tn2660, GACAAT, identified at 3903 to3908 (13,14)
to result in the initiation of transcription at 3915, is confirmed by our
experiments. The -35 box, TTCAA of Tn2660 (coordinate 3880 to 3884) shows a
three-base fit with the more conserved canonical -35 sequence.

From the size of the DNA probe protected by pBR322 mRNA shown in Fig.
3, it may be concluded that the pBR322 mRNA hybridizes with the entire
segment of the Hpall fragment of Tn3 with which it is known to have
homology. Thus, this promoter can be inferred to be located behond the
EcoRI site of pBR322 in the region originating from pSC1l0l, and is not
present on Tn3, in accord with previous conclusions (14,15,27). However, in
contrast to some of these previous findings (15,27) which have concluded
that this promoter (termed Pl, 27) has the same strength as the P3 promoter
of Tn3, we see at best only a weak band corresponding to initiation from P3
in pBR322. Moreover, we find the relative intensity per unit weight of RNA
of the band inferred from initiation at Pl in pBR322 to be fivefold greater
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than that resulting from initiation from P3 in Tn2660. These relative
intensities of these bands which may be concluded to reflect the relative
amounts of pBR322 and Tn2660 mRNA moreover correspond to the relative

ampicillin resistances shown by host  strains carrying each of these
elements. A similar correspondence is found in the relative intensities of
the bands from protection by mRNAs from Tn2661 compared to Tn2660, of
approximately 9 to 1, with the relative resistances conferred, which are 11
to 1. These correspondences between band intensities and expression suggest
that the method of Berk and Sharp provides a reasonable measurement of the
transcription level and therefore of promoter strength. However, the
absence, or reduced intensity, of bands resulting from protection by mRNAs
of Tn2661 or pBR322 initiated from P3 suggests that the intensities of bands
derived by the Berk and Sharp method may well be dependent on other factors
apart from relative promoter strengths. It might be suggested for example,
that under conditions when the DNA probe, although present iq excess, is not
in gross excess, competition between transcripts would be seen. This would
- lead in some cases to a probe hybridized with a shorter transcript to
undergo further hybridization with a longer transcript, léading to a
preserved segment following S1 nuclease digestion corresponding to the
longer transcript and in consequence, a relative loss in segments protected
by the shorter transcript.
, Comparison of the sequences in the -35 and -10 iegions of P3, with
those of Pa and Pb would nevertheless not appear to predict as great a
difference in the relative strengths of the P3 and the Pa or Pb promoters as
is found, and might suggest some cooperative activity of the overlapping Pa
and Pb pramoters.
Sequence of R6K and correspondence to TEM-1 enzimes

The similarities in base sequence and propérties of Tn2660 (derived
from R6K) and Tn3 (derived from R1l) in the 3585/4023 region have been
discussed earlier. R6K, and thus Tn2660, was the source of the original
enzyme that was defined as TEM (3), and R6K with Tn2660 was later also used
to define the TEM-1 subgroup (4). The enzyme from Tn3 also has the
properties of a TEM-1 enzyme (4). From our base-sequence determinations of
the other Ddel fragments (not shown), we conclude that the base at
coordinate 4058 in Tn2660 is C, as was determined by Sutcliffe (11) for Tn3.
Thus, the codon in Tn2660 at this position corresponds to the amino acid,
Gln, as does that of Tn3, and supports the finding that the B-lactamase from
Tn2660 (R6K) and Tn3 (R1l) do not differ in pI and are both classed as TEM-1
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enzymes (4). This strengthens the conclusion drawn by Sutcliffe (11) that
the source of the B lactamase used for amino-acid sequence determinations by
ambler and Scott (31) was probably not R6K.

ACKNOWLEDGEMENTS

This work was carried out by Shin-Tai Chen in partia'l fulfillment of
the requirements for the M.S. degree in the Biology Program, The University
of Texas at Dallas. We are grateful to Dr. Shu-Jen Chiang for preliminary
studies and the provision of plasmids pSJCllé and pSJC128, to Patrick A.
Thorpe for expert advice on DNA base sequencing and to Beecham Laboratories
‘for supplies of antibiotics. Computer printout data of Tn3 sequences was
kindly provided by Dr. Fred Heffron and the plasmid pA03 and similar
printout data was provided by Dr. Atsuhiro Oka. This work was supported by
NIH research grant AI10468, awarded by the National Institute of Allergy and
Infectious Diseases, DHHS, and by Grant AT879 from the Robert A. Welch
Foundation.

REFERENCES

1. Chiang, S.J. and Clowes, R.C. (1980) J. Bacteriol. 142, 668-682.
2. ]Ifgzltomichalou, P., Mitani, M. and Clowes, R.C. (1970) J. Bacteriol.
104, 34-44

3. Datta, N. and Kontomichalou, P. (1965) Nature 208, 239-241.

4, Matthew, M. and Hedges, R.W. (1976) J. Bacteriol. 125, 713-718.

5. Heffron, F., Sublett, R., Hedges, R., Jacob, A, “and Falkow, S.
(1975) J. Bacteriol. 122, 250-256.

6. Holmans, P.L. and Clowes, R.C. (1979) J. Bacteriol. 137, 977-989.

7. Clowes, R.C., Holmans, P.L. and Chiang, S.J. (1981) Cold Spring Harbor
Symp. Quant. Biol. 45, 167-171.

8. Chiang, S.J., Jordan, E. and Clowes, R.C. (1982) Molec. Gen. Genet.
198, 187-194.

9. Chiang, S.J. and Clowes,R.C.« (1982) Molec. Gen. Genet. 185, 169-175.

10. Thorpe, P.A. and Clowes, R.C. (1984) Gene, in press.

11. sutcliffe, J.G. (1979) Cold Spring Harbor Symp. Quant. Biol. 43, 77-91l.

12, Heffron, R., McCarthy, B.J., Ohtsubo, H. and Ohtsubo, E. (1979) cell
18, 1153-1163.

13. TRussell, D.R. and Bennett, G.N. (1981) Nucleic Acids Res. 9, 2517-2533.

14, Brosius, J., Cate, R.L. and Perlmutter, A.P. (1982) J. Biol. Chem. 257
9205-9210.

15. von Gabain, A., Bealsco, J.G., Schottel, J.L., Chang, A.C.Y. and Cohen,
S.N. (1983) Proc. Natl. Acad. Sci. USA 80, 653-657.

16. Berk, A.J..and Sharp, P.A. (1977) Cell _13, 721-732.

17. Bolivar, F., Rodriguez, R.L., Greene, P.J., Betlach, M.C., Heynecker,
H.L., Boyer, H.W., Crosa, J.H. and Falkow, S. (1977) Gene 2, 95-113.

18, Oka, A., Nomura, N., Morita, M. Sugisaki, H., Sugimoto, K. and

. Takanami, M. (1979) Molec. Gen. Genet. 172, 151-159.

19, Dempsey, W.B. and Willetts, N.S. (1976) J. Bacteriol. 126, 166-176.

20. Dennis, P.P. and Nomura, M. (1975) J. Mol. Biol. 94, 61-76.

21. Chaconas, G. and van de Sande, J.H. (1980) Meth. Enzymol. 65, 75-85.

3233



Nucleic Acids Research

22,
23.

24,

25.
26.

27.

28.
29.
30.
31.

32.
33.

Richardson, C.C. (1971) Proc. Nucleics Acid Res. 2, 815-828.

Maxam, A.M. and Gilbert, W. (1980) Methods in Enzymology, Vol. 65,
Academic Press, New York, pp. 499-560.

Hershfield, V., Boyer, H.W., Yanofsky, C., Lovett, M.A. and Helinski,
D.R. (1974) Proc. Natl. Acad. Sci. USA 71, 3455-3459.

Kingsbury, D.T. and Helinski, D.R. (1973) J. Bacteriol. 114, 1116-1124,
som, T. and Tomizawa, J-I. (1983) Proc. Natl. Acad. Sci. USA 80,
3232-3236.

Stuber, D. and Bujard, D. (1981) Proc. Natl. Acad. Sci. USA 78,
167-171. :

Pribnow, D. (1975) J. Mol. Biol. 99, 419-443.

Rosenberg, M. and Court, D. (1979) Ann. Rev. Genet. 13, 319-353.
Hawley, D.K. and McClure, W.R. (1983) Nucleic Acids Res. 11, 2237-2255,
Ambler, R.P. and Scott,G.K. (1978) Proc. Natl. Acad. Sci. USA 75,
3732-3736. A
Kolter, R. (1981) Plasmid 5, 2-9. .

Selzer, G., Som, T., Itoh, T. and Tomizawa, J-I. (1983) Cell 32,
119-129,

3234



